Since the discovery of graphene and its outstanding chemical, optical, and mechanical properties, other layered materials have been fiercely hunted for throughout various techniques. Thanks to their van der Waals interaction, acting as weak glue, different types of layered materials with mismatched lattices can be stacked with high quality interfaces. The properties of the resulting multilayer structures can be tuned by choice of the materials, layer thicknesses, and sequence in which they are arranged. This opens the possibility for a large array of applications across many different fields. Here we present a systematic study with two-dimensional stacked layered materials, where their properties are tailored monolayer by monolayer. By arranging WSe 2 , MoSe 2 , WS 2 , and MoS 2 monolayers in predetermined sequences, that are predicted to have a ladder band alignment in both the conduction and valence bands, we separate electrons and holes between the two utmost layers by monolayer increments. The samples studied are a WSe 2 monolayer, a WSe 2 -MoSe 2 bilayer, a WSe 2 -MoSe 2 -WS 2 trilayer, and a WSe 2 -MoSe 2 -WS 2 -MoS 2 four-layer. We observe an increase in absorbance, a decrease in photoluminescence, a variation in interlayer charge transfer, and photocarrier lifetimes that are extended up to a few nanoseconds as additional layers were added. With these results, we demonstrate that van der Waals stacked two-dimensional materials can form effective complex stacks and are promising platforms for fabricating ultrathin and flexible optoelectronics.
I. INTRODUCTION
For several decades, the thickness of materials has been used to tailor their properties. Modern molecular-beam epitaxy technique allows fabrication of atomically thin films on latticematching substrates. The confinement of electrons in such quantum-well structures allows the tuning of their electronic and optical properties [1] [2] [3] . The newly developed twodimensional (2D) materials based on layered crystals provide unprecedented control of thickness down to subnanometers [4] [5] [6] [7] [8] . It was discovered that at such a scale the electronic and optical properties of materials change dramatically with thickness. For example, monolayer (1L) [9, 10] , bilayer (2L) [11] [12] [13] , and trilayer (3L) [14] graphene all show distinct charge transport properties [15] . In transition metal dichalcogenides (TMDs), such as MoS 2 and WS 2 , the indirect band gap increases significantly as the thickness approaches the few-layer limit, making them direct-gap semiconductors at 1L [16, 17] . Stimulated by these discoveries, significant effort has been devoted to identifying, fabricating, and characterizing various 1L materials. Once the ultimate limit of the thickness has been achieved, the 1Ls are used to fabricate multilayer heterostructures-the so-called van der Waals heterostructures [18, 19] . Since 1Ls with different properties can be combined with little restrictions and with nearly perfect interface qualities, this approach provides a new route for material discovery.
So far, most studies of van der Waals heterostructures have focused on combining two 1Ls [20] [21] [22] [23] [24] [25] , which laid the foundation for developing multilayer structures combining several 1Ls. Here we report a comprehensive study on the evolution of the optical properties of multilayer TMD as 1L components are introduced one by one. Starting with a WSe 2 1L, we found systematic variation of the absorption, * huizhao@ku.edu photoluminescence (PL), interlayer charge transfer, and photocarrier lifetime as new 1Ls are added to it, with the order of MoSe 2 , WS 2 , and MoS 2 . These sequences form a ladder alignment in both the conduction and the valence bands, with electrons and holes residing in the two utmost layers. We show that the resulting TMD 4L of WSe 2 -MoSe 2 -WS 2 -MoS 2 possesses an enhanced peak absorbance of about 50%. The photocarrier lifetime is extended up to several nanoseconds. These results show that such TMD multilayers can be used for ultrathin, flexible, and highly efficient photovoltaic and photodetection devices.
II. EXPERIMENTAL PROCEDURES

A. Sample preparation
The WSe 2 , MoSe 2 , WS 2 , and MoS 2 flakes were first mechanically exfoliated from bulk crystals using adhesive tape. A fraction of the numerous flakes on the tape were then transferred onto clear and flexible polydimethylsiloxane (PDMS) substrates by slightly pressing the tape onto a substrate and quickly peeling it off. The PDMS substrates were inspected under an optical microscope and 1Ls were identified by their optical contrast and later confirmed by PL spectroscopy. Depending on the type of measurements being conducted on the samples, the 1Ls were then transferred onto a quartz substrate or a silicon wafer capped with 90 nm of silicon dioxide, utilizing a micromanipulator. The samples were then thermally annealed at 200
• C for 2 hours under a H 2 /Ar (20 sccm/100 sccm) environment at a base pressure of about 2-3 Torr. For multilayer structures, after the annealing process, a different 1L was transferred precisely on top of the flake already placed on the substrate. The new sample was again annealed under the same conditions mentioned above. This procedure was repeated until a sample with the desired number of layers was obtained. The samples were kept under the ambient condition at 300 K for all the measurements.
B. Absorption spectroscopy
Reflection contrast measurements were performed with a broadband tungsten-halogen light source, which output was spatially filtered with a pinhole and a pair of lens. Upon normal incidence, the light was focused to a spot size of about 2-3 μm by an objective lens. The incident power was about 0.05 μW for all the measurements. The reflected light from the sample was then collimated with the same objective lens and directed to a spectrometer equipped with a thermoelectrically cooled charge-coupled-device camera. For a sufficiently thin sample on a transparent and thick substrate (in this case, quartz), the absorbance of the samples can be calculated from the fractional change of reflectance by the sample, which is defined as (R S+Q − R Q )/R Q , where R S+Q and R Q are, respectively, the reflectance of the sample (on quartz) and the reflectance of the quartz substrate. The absorbance can be obtained by A = (1/4)(n 2 − 1)(R S+Q − R Q )/R Q , where n denotes the index of refraction of quartz [26] .
C. Photoluminescence spectroscopy
The PL spectroscopy measurements were carried out using a 405-nm continuous-wave laser at normal incident with respect to the samples. The power of the laser was about 0.5 μW. It was focused with a microscope objective lens to a spot size of about 1.0 μm. The PL from the sample was collected by the same objective lens and directed into the spectrometer. To prevent the unwanted light from reaching the detector and affecting the PL measurement, a set of filters was placed before the spectrometer.
D. Transient absorption measurements
In the transient absorption setup, a 532-nm and 10-W diode laser was used to pump a Ti-sapphire laser, which generates 100-fs pulses with a repetition rate of 80 MHz and an average power of 2 W. For some measurements, the Ti-sapphire laser was tuned to 750 or 790 nm, depending on the sample being measured. Part of this beam (about 20%) was sent into a photonic-crystal fiber for supercontinuum generation, which outputs a broadband pulse. A band-pass filter with a 10-nm bandwidth was used to select the desired wavelength for the measurement. These two beams were used as pump and probe for the measurements. Since the photonic-crystal fiber is inefficient in generating light at wavelengths shorter than 500 nm, for measurements requiring such wavelengths as the pump, the Ti-sapphire output was tuned to 800 nm and sent into a beta barium borate (BBO) crystal to generate its second harmonic at 400 nm. The probe was then obtained from the photonic-crystal fiber.
In each pump-probe configuration, both the pump and the probe beams were linearly polarized along perpendicular directions, aligned along the same optical path using beamsplitters, and focused on the sample with a microscope objective lens to spot sizes of 1.5-2.5 μm in full width at half maximum. The reflected beams were then collected and collimated by the same objective lens and directed into a biased silicon photodiode. To prevent the reflected pump from reaching the photodiode, a set of filters was placed before the detector. The output of the photodiode is measured by a lock-in amplifier, which is synchronized with a mechanical chopper that modulates the pump intensity at about 2 KHz. With this setup, we can measure the differential reflection, which is defined as the normalized change of the probe reflectivity induced by the pump, R/R 0 = (R − R 0 )/R 0 , where R and R 0 are the reflectivities of the probe with and without the presence of the pump beam, respectively. The differential reflection was measured as a function of probe delay, which is defined as the arrival time of the probe pulse at the sample with respect to the pump pulse.
III. RESULTS AND DISCUSSION
A. Optical properties and photocarrier dynamics of the monolayers
To better understand the evolution of properties with the number of layers, we begin by characterizing the relevant properties of the four component 1Ls used to fabricate the multilayers. The first row of Fig. 1 shows the microscope images of the 1L samples, with the 1L regions marked by the lines. The absorbance spectra of these 1L samples are shown in the second row, with A-and B-exciton resonances labeled. These spectra are consistent with previously reported results [27, 28] . The third row of Fig. 1 shows PL spectra of the 1Ls, with main peaks at the A-exciton resonances. The significantly higher PL yield observed, compared to the multilayer regions on the same flakes, further confirms their 1L thickness.
To probe the photocarrier lifetimes of 1Ls, time-resolved differential reflection measurements were performed. For each 1L, photocarriers were injected by a pump pulse tuned above the optical band gap and detected by a probe pulse tuned to the A-exciton resonance. The results are shown in the last row of Fig. 1 . The peak differential reflection signal is confirmed to be proportional to the pump fluence and thus proportional to the injected carrier density. Therefore, the decay of the signal reflects the loss of photocarrier population due to recombination. By exponential fits, shown as the solid lines, the photocarrier lifetimes are deduced, which are indicated in the figure. Previously, photocarrier lifetime in 1L TMDs have been studied by transient absorption [29] [30] [31] [32] [33] [34] [35] , time-resolved PL [36] [37] [38] [39] [40] [41] , and transient THz techniques [38] . A relatively large range of values have been obtained in these studies, which indicates that the lifetimes are sensitive to the sample quality, and is hence mainly limited by nonradiative recombination of carriers due to defects [42] . Our results are in line with these reports. We note that in these fits, an adjustable constant is included, which is at most a few percent of the peak, but much larger than the signal at negative probe delays. Since the separation of two sequential pump pulses is about 13 ns, the absence of a noticeable signal at negative probe delays indicates that the effects causing this slow-decaying component only persist for at most a few ns. Such a long-lived feature could be attributed to thermal effects or trapped carriers. Nevertheless, this nonzero background does not influence deduction of the carrier lifetime.
B. Optical properties of heterostructure multilayers
We next discuss the change of the optical properties of multilayer samples as 1Ls are introduced. The samples Fig. 2 . This layer sequence is chosen so that the electrons and holes excited have the largest separation. According to first-principle calculations, these multilayers form ladder band alignment [43, 44] . As schematically shown in the second row of Fig. 2 , the valence band maximum (VBM) is located in the bottom WSe 2 layer while the conduction band minimum (CBM) is in the top layer in all these samples. Consequently, electrons and holes (blue and yellow circles, respectively) are inclined to separate between the layers in order to populate the lowest energy states available. Purposely the arrangement of the layers in the multilayer samples is designed to maximize the separation between the electrons and holes.
The evolution of the absorbance spectrum as new 1Ls were introduced is illustrated in the third row of Fig. 2 . Panel (i) shows the absorbance of WSe 2 1L, which is replotted from Fig. 1(e) . The absorbance reaches 12% at 749 nm, the A-exciton resonance of WSe 2 . The absorbance spectrum of the WSe 2 -MoSe 2 2L, shown as the blue curve in Fig. 2(j) , closely resembles the sum of the individual spectra (orange curve) that was obtained by adding the spectra of the composing 1Ls. Noticeable differences start to be visible when comparing the spectrum from WSe 2 -MoSe 2 -WS 2 3L [blue curve in (k)] and that put together by summing the composing 1L spectra (orange curve). The 3L sample absorbs approximately 1-1.5 times more light over the wavelength range studied with the two evident peaks from WSe 2 and WS 2 redshifted by 10-15 nm. The shift can be attributed to the different dielectric environment present in different samples [45] . Following a similar trend, in the WSe 2 -MoSe 2 -WS 2 -MoS 2 4L, the absorbance, blue curve in panel (l), is increased by a factor of 1.5-2 when compared to the sum of the four individual 1L absorbance spectra, orange curve in (l).
The enhanced absorption in multilayers could be attributed to the broadening of the exciton resonances due to the reduced lifetime of excitons in these 1Ls [46] , which is a consequence of ultrafast charge transfer between these layers [22, 47] . Since the samples are multilayers on a substrate, interference between the reflected fields from the sample surface and from all the interfaces can affect the absorbance. To probe this effect, we used Rouard's method [48] to calculate reflection and transmission coefficients, respectively, for a system of several thin films on a thick and transparent substrate. This method accounts for the reflected photons at each interface and those absorbed within each layer. The calculation was performed for several selected wavelengths, using the complex indices of refraction of each layer reported in Ref. [27] . The results are plotted as the gray symbols in Figs. 2(i)-2(l) . The agreement between these values and those obtained without considering the interference effect (orange curves) confirms the insignificant role of the interference effect in this situation. The discrepancy around the exciton peaks could be attributed to the possible differences in the characteristics of the exciton peaks between the CVD samples used in Ref. [27] and our exfoliated samples. Although more efforts are needed to fully understand the mechanisms of the absorption enhancement, it is encouraging that the peak absorbance of the 4L sample, with a thickness of only 2.5 nm, is about 50%. This corresponds to an absorption coefficient of about two to three orders of magnitude higher than in conventional bulk semiconductors.
The high absorbance of such van der Waals heteromultilayers suggests their potential uses in ultrathin and flexible photovoltaic and photodetection devices as a light-absorbing layer. For such applications, the properties of photocarriers, especially their lifetime, are also important. To understand the photocarrier dynamics in these samples, we first use PL spectroscopy to probe the effectiveness of the interlayer charge transfer. Figure 2(m) shows the PL spectrum of WSe 2 1L [replotted from Fig. 1(i) ], which displays a pronounced peak at 749 nm. We then measured the PL spectrum from the WSe 2 -MoSe 2 2L, shown as the blue curve in (n). The PL spectra from WSe 2 and MoSe 2 1Ls are shown, with their representative colors, with the quenching factors labeled in the legend. The strong quenching of the PL from the 2L structure is a clear indicator of effective charge transfer [24, 45, [49] [50] [51] [52] [53] [54] ; that is, the interlayer charge transfer occurs on a time scale much shorter than the lifetime of excitons. Significant quenching of PL is only achievable in samples with high quality interfaces, which are formed after the annealing procedure. Before annealing, the PL of the 2L sample simply mimic the sum of the two 1L PL spectra. We note that no PL peaks from the spatially indirect (interlayer) excitons formed after charge transfer were observed in our experiment. Recently, strong PL of indirect excitons in WSe 2 -MoSe 2 heterostructures has been observed at low temperatures [25, 49, 55] . However, at room temperature, it was expected to be at about 900 nm, which is out of the detection range of our experiment. It is also expected to be much weaker than the WSe 2 exciton peak, since even at 200 K it is only a fraction of the WSe 2 peak [55] .
The PL spectrum from the WSe 2 -MoSe 2 -WS 2 3L, the blue curve in (o), displays several spectral features. First, the WSe 2 , MoSe 2 , and WS 2 PL peaks are quenched by factors of 225, 590, and 278, respectively. Secondly, a pronounced fourth peak at 630 nm is observed, which has been previously identified as the radiative recombination of trions in a MoSe 2 -WS 2 sample [53] . The indirect excitons in the 3L structure are expected to radiate at a longer wavelength than 2L (due to the ladder band alignment) and with a lower yield (due to the larger separation of electrons and holes). Hence, it was not observed in our experiment. Finally, the 4L PL spectrum, blue curve in (p), shows one distinctive quenched peak corresponding to the WSe 2 1L. Interestingly, we note that the WSe 2 peak in the 4L is about six times stronger than in the 3L. The origin of this counterintuitive observation will be discussed after the results of time-resolved measurements are presented.
C. Electron transfer and lifetime
Having confirmed that the samples form effective heterojunctions between adjacent layers, we proceed to time resolve the dynamics of the photocarriers in the multilayer samples with the pump-probe configurations shown in the first row of Fig. 3 . Here, a linearly polarized pump pulse (blue arrows) is used to inject photocarriers which are then monitored by measuring the differential reflection, R/R 0 , of a time delayed probe pulse (green arrows) tuned to the A-exciton resonance of a given layer. For each sample, measurements were performed with different values of pump fluence and hence different injected carrier densities. We found that the signal magnitude is approximately proportional to the injected carrier density, and the temporal behavior is independent of the density. Figure 3 shows results where the total injected carrier density is 1.5 × 10 11 cm −2 . This value was estimated from pump fluence by using Rouard's method discussed above.
The first column of Fig. 3 shows the differential reflection signal from the WSe 2 1L sample for short (e) and long time ranges (i). The pump and probe wavelengths are 400 and 749 nm, respectively. The signal reaches to the peak at an ultrashort time scale. The orange curve in (e) is the integral of a Gaussian function with a full width at half maximum of 0.35 ps, obtained from the intensity cross correlation of the pump and probe pulses. Since the time evolution of the differential reflection signals are exponential, it is desirable to correlate such a temporal width to the time constant of exponentially varying functions. For this purpose, we fit the orange curve with a function, R/R 0 (t) = A 0 [1 − exp(−t/τ )]. The black dashed line indicates the best fit with a time constant of τ = 0.18 ps. This exercise shows that the instrument is capable of measuring exponentially varying functions with a time resolution of 0.18 ps. The fact that the differential reflection signal closely follows the response curve indicates that the actual rising time of the signal is significantly shorter than 0.18 ps. The decay of the signal (i) can be fit by an exponential function (with a constant baseline) with a time constant of 100 ps.
To measure the electron dynamics in the WSe 2 -MoSe 2 2L sample, we monitor the differential reflection of a probe pulse tuned near the A-exciton resonance of MoSe 2 (790 nm) after a 400-nm pump pulse nonresonantly injects photocarriers into both layers [ Fig. 3(b) ]. Given that the CBM is situated in the MoSe 2 layer, electrons in the conduction band of WSe 2 are predisposed to transfer to MoSe 2 , denoted by the black dashed arrow in (b). Similarly, holes in the valence band of MoSe 2 are inclined to transfer into WSe 2 . Once electrons and holes separate between the layers, they are expected to form spatially indirect excitons, also known as interlayer or charge-transfer excitons. As a result of the spatial separation between the electron and the hole, their recombination will be suppressed and their lifetime will be extended. Figures 3(f) and 3(j) show the differential reflection of the 790 nm probe in short and long time scales (blue squares), respectively. The signal immediately reaches its maximum value, within the instrument response time, and starts to decay shortly after. The decay constant of 133 ps extracted from an exponential fit [orange curve in (j)] is slightly larger than in WSe 2 1L. Previously, increase of photocarrier lifetime in TMD heterobilayers has been observed by several groups [ attributed to the effect of the spatial separation of the electrons and holes in interlayer excitons. Our result is consistent with these studies.
Moving on to the 3L sample, a 750-nm pump pulse injects photocarriers into MoSe 2 and WSe 2 . A 620-nm probe pulse is used to detect the presence of electrons in top WS 2 layer [ Fig. 3(c) ]. As a result of the lower energy of the pump photons, the WS 2 layer is not excited; hence, differential reflection signal of the 620-nm probe is induced by electrons that are excited in the other two layers and transferred to WS 2 . As shown in (g), after photoexcitation by the pump pulse, the signal quickly rises within the first 0.5 ps. Shortly after, the signal slowly rises and reaches its maximum value. Since the pump excites both MoSe 2 and WSe 2 layers, we attribute the ultrafast rise of the signal to the transfer of electrons from MoSe 2 into WS 2 and the relatively slower process to the transfer of electrons from WSe 2 into WS 2 . To model the second temporal region, we fit the data with N(t) = N 0 [1 − exp(−t/τ )], where N 0 is the peak density and τ is the transfer time. The extracted transfer time from the fit (shown as the orange curve) is 0.37 ± 0.02 ps. As shown in (k), a slow decay of the signal occurs after 5 ps that lasts a few hundred picoseconds. As it is expected, the lifetime of the electrons in the 3L sample is extended to 262 ps.
The 4L sample was measured with the same 750-nm pump pulse but with a probe tuned to the A exciton of MoS 2 layer (660 nm), to where the electrons are expected to transfer [ Fig. 3(d) ]. The pump injects photocarriers into the WSe 2 and MoSe 2 layers, leaving the WS 2 and MoS 2 layers unexcited. We observed a much slower rising process in (h), which reflects the slow transfer of electrons from the bottom WSe 2 to the top MoS 2 layer in this 4L structure. This assignment is supported by the decay of the exciton population in the WSe 2 1L. As shown in (i), about 90% of the injected excitons in the WSe 2 1L decays in 70 ps due to their recombination, which is approximately the time it takes for the signal to reach its maximum. sample as a consequence of a less efficient electron transfer, further supporting this interpretation. We fit this electron transfer process with the same model as the 3L and extracted a transfer time of 14.9 ± 1.8 ps. The slow decay of the signal after 70 ps shown in Fig. 3(l) is attributed to the extremely long lifetime of electrons in MoS 2 due to their large separation from the holes, which reside in WSe 2 . By an exponential fit, we extract an electron lifetime of about 3.0 ns. Compared to the lifetime of excitons in individual 1Ls, the electron lifetime in the 4L sample is extended several hundred times.
D. Hole transfer and lifetime
We also measured the dynamics of holes in these samples by using the pump-probe configurations illustrated in the first row of Fig. 4 . Since holes are expected to transfer to WSe 2 , where the VBM resides, a 749-nm probe is used for all the samples. A 620-nm pump is used, with certain values of fluence so that for each sample, the total injected photocarrier density is 1.5 × 10 11 cm −2 . Due to the small band gap of WSe 2 , quantitative study of hole transfer is complicated by the fact that a pump pulse tuned to, for example, the exciton resonance of MoS 2 , will inevitably excite WSe 2 , too. The photocarriers directly injected in WSe 2 dominate the signal at early times. Nevertheless, as shown in the second row of Fig. 4 , a trend of slower rising of the signal with more layers is visible. From measurements over long time ranges, as shown as the last row, the hole lifetimes are 134 ps, 346 ps, and 2.3 ns in the 2L, 3L, and 4L samples, respectively. These values are reasonably consistent with the electron lifetimes obtained in the previous section.
In all the multilayer samples studied, the interlayer twist angles were undetermined. Nevertheless, the electron transfer and recombination times obtained from multiple samples are reasonably consistent and show systematic layer-number dependence. These results suggest that the twist angle does not influence the electron transfer and recombination significantly. Indeed, a recent comprehensive study on MoS 2 -WSe 2 heterostructures with controlled twist angles did not observe clear correlations between the electron transfer and recombination times and the twist angle [57] . Such a weak dependence could be attributed to defect-assisted recombination [57] , relaxation of momentum conservation due to the localized states [57, 58] , and layer mixing of certain electronic states [59] . In future studies, it would be interesting to investigate the twist-angle dependence of electron dynamics in multilayer samples.
IV. CONCLUSION
By using four different TMD 1Ls, we have fabricated a set of samples of WSe 2 -MoSe 2 2L, WSe 2 -MoSe 2 -WS 2 3L, and WSe 2 -MoSe 2 -WS 2 -MoS 2 4L, and characterized their optical properties and photocarrier dynamics by conducting absorption, PL, and ultrafast pump-probe spectroscopy measurements. This set of multilayer samples were chosen with the intention of studying the behavior of electrons and holes as they are further separated from each other by 1L increments. The presented multilayer samples were atomically engineered to precisely achieve this purpose. We observed that the absorbance is higher in the multilayer structures when compared to the sum of the individual absorbances from the constituent 1Ls. Moreover, from the PL results we confirmed that we can effectively put up to four different 1Ls together with high quality interfaces that allow efficient interlayer charge transfer. We were also able to time resolve the transfer of electrons between the layers and quantified how the lifetimes of the electrons and holes were extended as additional 1Ls were added. We show that the ultimate 4L sample with a thickness of 2.5 nm has an absorbance as high as 50% in the visible range. We found that the transfer time of electrons across the multilayer increases from a fraction of picosecond in 2L to about 14 ps in the 4L, while photocarrier lifetime is extended from about 100 ps to more than 3 ns in the 4L. The novel properties of these TMD multilayer heterostructures suggest promising potential applications in ultrathin, flexible, and efficient photovoltaic and photodetection devices. Furthermore, we demonstrated an approach for fabricating van der Waals multilayers that can be used to produce more complex multilayer structures with desired band alignment and optoelectronic properties for various applications.
